Abstract
Introduction 1
The near-shore is the energetic region of the coastal environment where ocean waves shoal to retrieve bathymetry [e.g. Aarninkhof et al., 2005] . Video images have also been analyzed to 1 understand coastal features such as wave run-up [Holland and Holman, 1999; Holland et al., 2 1995], detection and measurement of submerged sand bar systems [Lippmann and Holman, 3 1989; Enchevort and Ruessink, 2001; Ranasinghe et al., 2004] , foreshore beach slopes [Plant 4 and Holman, 1997] etc.
5
Some of the limitations of video imaging can be overcome using X-band radar. The in detection of sediment suspensions and wave breaking states from the echo backscatter.
13
The use of X-band radars in coastal studies is becoming popular in these days. Young et 14 al. [1985] first described an approach using a three-dimensional Fourier transform analysis on 15 a sequence of radar images. The resulting wave number spectra were inverted to frequency 16 spectra with information of the water depths. Izquierdo et al. [2005] compared the ocean 17 wave field derived from X-band radar and wave-rider buoy measurements by spectral analysis.
number variations were estimated from power spectra in order to check the dominant 1 frequency and its directional variation during wave propagation. Radar images were filtered at 2 the dominant frequency, and corresponding refraction angles were estimated and compared 3 with linear wave ray computations. The methodologies and accuracy of the results are 4 discussed to demonstrate the potential of radar measurements. 
Radar system

18
The radar system employed in this study is a conventional marine X-band radar, usually 
4
The echo signals from the sea surface, generally called sea clutter, are captured with a 5 specially designed A/D board installed on a computer. Correlation between radar echo intensity variation and water surface elevation was 2 examined by estimating coherence and phase of the signals which is described in Appendix. Radar echoes were collected continuously for several hours during the passage of the typhoon.
8 Figure 5 shows the measured atmospheric pressure as well as the wind speed and direction 9 during the passage of the typhoon at Choshi Fishery Port recorded by the Japanese
10
Meteorological Agency (JMA). The typhoon was closest to HORS near 22 hr on July 26 when 11 the lowest atmospheric pressure was recorded, and the radar images of this hour were used 12 here for analyses.
13
The offshore waves were measured by the Nationwide Ocean Wave Information 3.69 m due to the passage of the typhoon, whereas the significant wave period and wave 
Bathymetry
3
The water depth data used in this study were collected from different survey records around 4 HORS. Table 2 is the gravitational acceleration and T is the wave period. The variation of Ursell number is 1 also shown in Fig. 8 . The region where Ur < 50 the effect of non-linearity can be neglected, 2 which is the region of h/L 0 ≥ 0.043 (y ≥ 1100 m in Fig. 7) ; therefore, non-linear effects were 3 not significant except in the final breaking region although a typhoon was traveling and the 4 sea condition was stormy. tip of the pier which is consistent with the estimates described in section 3.1. Cross-shore time stack images were processed for four cross-shore lines as shown in each cross-shore location; however, we made no such estimates in this study.
16
Figure 10(b) shows the long-shore time stack images for four different long-shore lines.
17
The long-shore extent in space is shown on the horizontal axis and elapsed time on the The peak frequencies were estimated from the radar images for different hours and 8 compared with the NOWPHAS record for the significant wave period (Fig. 6 ). The estimated 9 peak periods as well as the significant wave periods have an almost constant trend. The frequency spectrum has some energy concentration at 2f p , which doesn't agree with 4 the linear dispersion relationship. These energies may have arisen due to non-linearity or 5 saturation and truncation of the radar echo signals (shown in Fig. A-1) . 
4.4
Cross-shore distribution of wavenumber
18
The filtered image sequence represents the passage of a dominant wave and was used here to 
12
The constant distribution of k x could be confirmed from the almost uniform oblique 13 streaks in the long-shore time stack shown in Fig. 10(b) , whereas k y varies in a stepwise 14 manner and decreases towards the shore which is in accordance with the cross-shore time 15 stack shown in Fig. 10(a) . The stepwise variation is due to the limitation of the spatial 16 resolution of the FFT analyses. Fig. 14 
Estimation with the Maximum Entropy Method (MEM)
1
The wave number distributions were also estimated using the Maximum Entropy Method that depth from offshore to onshore, which is confirmed by both the MEM and FFT estimates. 
Wave ray computation
12
The changes of wave number k and wave angle θ were computed with a ray tracing procedure
13
[e.g. Dean and Dalrymple, 1984] to compare with the radar estimates. The bathymetric data 14 collected from the Maritime Safety Agency, which is described in section 2.5, were used in and finally refracted rapidly when it came close to the shore which can be seen from the ray 3 patterns.
4
The wave angles estimated from the wave ray computation and from the filtered radar The water depths estimated along the pier using Eq. (1) and compared with the survey data in There are several possible factors affecting the depth estimation. As the water becomes 8 shallower towards the beach, the effect of non-linearity in wave behavior become more 9 significant, causing higher wave celerity than the linear theory predicts and hence causing an fairly good match except for some regions where discrepancies up to ±1.0 m were observed.
12
The approach described here would seem to provide a useful way for estimating the 13 hydrodynamic parameters in a region in which it is difficult to maintain in situ measurements. The averaged and normalized spectra of the radar pixel intensity and water surface 2 records are shown in Fig. A-2 . The spectra of the radar data were formed through spatial normalized spectrum
